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ABSTRACT

We have detected 90 objects with periods and lightcurve structure similar to those of field
d Scuti stars, using the Massive Compact Halo Object (MACHO) Project database of Galactic
bulge photometry. If we assume similar extinction values for all candidates and absolute
magnitudes similar to those of other field high-amplitude § Scuti stars (HADS), the majority of
these objects lie in or near the Galactic bulge. At least two of these objects are likely foreground
4 Scuti stars, one of which may be an evolved nonradial pulsator, similar to other evolved,
disk-population ¢ Scuti stars. We have analyzed the light curves of these objects and find that
they are similar to the light curves of field § Scuti stars and the § Scuti stars found by the
Optical Gravitational Lens Experiment (OGLE). However, the amplitude distribution of these
sources lies between those of low- and high-amplitude § Scuti stars, which suggests that they
may be an intermediate population. We have found nine double-mode HADS with frequency
ratios ranging from 0.75 to 0.79, four probable double- and multiple-mode objects, and another
four objects with marginal detections of secondary modes. The low frequencies (5-14 cycles d—1)
and the observed period ratios of ~ 0.77 suggest that the majority of these objects are evolved

stars pulsating in fundamental or first overtone radial modes.

Subject headings: Galaxy: center — stars: blue stragglers — stars: classification — stars:

oscillations — stars: variables: delta Scuti
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1. Introduction

Pulsating stars have been used for several decades to probe the physical properties of stars, including
their masses, luminosities, internal compositions, and structure. Many different types of pulsating stars
exist over a broad range of masses, temperatures, and evolution states (for a concise list, see Becker 1998).
Most lie off the main sequence, and thus can only be used to study the interiors of objects which have
undergone substantial (and occasionally poorly understood) evolution. One exception to this is the class
of near main-sequence pulsators known as & Scuti stars. The § Scuti stars are A-F stars on the Cepheid
instability strip with masses ranging from 1.0 to 3.0 M. They are dwarfs or subgiants which have not yet
reached the red giant branch, and hence are at most only moderately evolved objects. Pulsation studies of
these objects can therefore yield useful information about the internal properties of main sequence stars

more massive than the Sun (Breger 1998).

The § Scuti stars are divided into several subclasses. One division is between stars with Population I
and IT abundances, namely the  Scuti (Pop I) and SX Phoenicis (Pop II) stars. The SX Phoenicis stars lie
at the low end of the mass range of the § Scuti stars. Another major division is between the low-amplitude
d Scuti stars (LADS) and high-amplitude § Scuti stars (HADS) (Rodriguez et al. 1996). LADS are most
often on or close to the main sequence, and frequently pulsate in nonradial modes. These stars often have
very complex pulsation spectra, which can be used as a probe of their deep interior structure. HADS
are most often radial pulsators and are more commonly found off the main sequence, near core hydrogen

exhaustion and ignition of the H-burning shell.

In recent years, HADS have not received as much attention as LADS. The pulsations of HADS cannot
be used to probe the stellar core, which is important for evolution studies. Furthermore, HADS typically
pulsate in a few modes at most, which limits the precision of asteroseismology. However, HADS are
now gaining more attention. First, they appear to have a period-luminosity relation making them useful
secondary distance indicators (McNamara 1997, Petersen & Hgg 1998). Second, their presence in nominally
old stellar populations like the halo and globular clusters, and their identification as blue stragglers in many
of these populations indicate they may not follow the standard stellar evolution scenario {(cf. Sills, Bailyn,
& Demarque 1995). Finally, hydrodynamic simulations of § Scuti stars studying lightcurve structures as
functions of envelope composition (Guzik 1992) and radial mode order (Bono et al. 1997 and Templeton,
Guzik, and McNamara 1999) show that radial pulsations can provide some structural and compositional

information on the envelopes of these objects.
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Large-scale photometry projects like MACHO (Alcock et al. 1997) and OGLE (Udalski et al. 1997, and
references therein), and targeted observations of globular cluster interiors with HST (Gilliland et al. 1998)
have uncovered hundreds of new & Scuti stars, the majority of which are HADS. With the substantial
increase in the numbers of these objects, it is now possible to study their characteristics as a class. In this
paper, we present a new sample of § Scuti stars found by the MACHO Project. In section 2, we discuss
the sample selection and time-series analysis of these objects, and present our catalog. In section 3, we
discuss the general results of the time series. In section 4, we discuss the details of the pulsation behavior,
including lightcurve structure and the doubly- and multiply-periodic objects, with a brief discussion of the

physical information that can be obtained from this data.

2. MACHO Data: sample and analysis

The MACHO Project goals and data acquisition have been described elsewhere at length (see Cook
et al. 1995 and Alcock et al. 1997) and will only be briefly summarized here. The MACHO data are
collected simultaneously in two filters (similar to Kron-Cousins V and R) on two focal planes with the
1.27m Great Melbourne Telescope at Mount Stromlo Observatory in Australia. The MACHO Project
images approximately 200 42’x42’ fields in the Galactic bulge, the Large and Small Magellanic Clouds
(LMC and SMCQ) during the course of a year, with images of the bulge fields taken approximately once
per night during the appropriate observing season. Exposure times for the bulge, LMC and SMC are 150,
300, and 600 seconds, respectively. Photometry of all sources in the images is performed using SoDoPHOT
(Alcock et al. 1999), to a limiting magnitude of roughly 20. Light curves of individual point sources within
each field are then compiled and are monitored for variations due to gravitational microlensing. Long-term
monitoring of these fields has serendipitously yielded detections of many thousands of variable stars in

addition to the detections of microlensing events.

2.1. Sample selection

To find & Scuti stars in the MACHO database, we searched the MACHQO database of variable stars
in the Galactic bulge. We limited our search to the bulge because § Scuti stars in the LMC and SMC are
too faint to be reliably detected. § Scuti stars have absolute V-magnitudes of 1 to 2.5, so LMC and SMC
¢ Scuti stars would have apparent magnitudes of roughly 20. This is too faint to detect variability with

amplitudes of ~ 0.5 mag, like those of § Scuti stars. We selected objects showing variability on timescales of
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0.3 to 0.03 days, as determined using “super-smoother” period-fitting programs (Reimann 1994 and Akerlof
et al. 1994). & Scuti stars can have periods in the range of 0.2 to 0.03 days (v = 5 — 35 cycles d7!) or
less (Breger 1979). We note that the shortest-period § Scuti stars are usually fainter, main-sequence stars,
and have the lowest amplitudes, making them difficult to detect in the MACHOQO database. Therefore, the
sample presented here is biased against the high-frequency, low-amplitude pulsators, and we concentrate
only on the high-amplitude § Scuti stars. In principle, we could also select objects with dereddened (V — R)
of ~ 0.2 £ 0.1, but reddening in the bulge fields is highly variable, and such a selection procedure would be
ill defined. Our period-search criterion yielded a sample of 132 objects from the MACHO bulge fields.

2.2. Data calibration and analysis

Observations were made simultaneously in two broadband filters, similar to but wider than Kron-
Cousins V and R. We discarded data points if a detection was not made in both filters, because our
classification of these objects depends on the behavior in the two different passbands. This resulted in the
removal of approximately 10% of the observations per data set. After removal of non-coincident points, we
transformed the instrumental magnitudes, v; and r;, to standard V and R magnitudes using the following

transformation:

V=v;-0.18-(v; — r;) + 23.70, (1a)

R=7r;+0.18- (vi —7;) + 2341, (].b)

(Alcock et al. 1999). We note that our initial selection of candidates was done using the data and
calibrations as of early 1997, and as a consequence, our results are slightly different from those of Minniti
et al (1998) and Templeton et al (1998). We discuss these differences in the next section. Prior to our

time-series analysis, the observation times are also corrected to heliocentric Julian date.

After calibration and removal of bad points, the average data set contains ~ 450 measurements covering
a span of ~ 2100 days between March 1993 and December 1998. The average photometric error per point of
the data is 0.05 magnitudes, but there is substantial variation in data quality among our sample objects. At
V ~ 13.5 the mean error is ~ 0.02 mag, and increases to ~ 0.08 and higher at V' ~ 18 and fainter. However,

the majority of stars in our sample are brighter than V = 18, and only 2 sources are fainter than V' = 19.
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2.3. Time-series analysis

Time-series analysis was performed on the V and R data for each object. To compute the spectra,
we used the method outlined in Templeton et al. (1997), where we applied a discrete Fourier transform
(DFT) to the data, selected the highest peak, prewhitened the data with the resulting sine wave, and
repeated the process until no statistically significant signals remained. We note that while the data is highly
undersampled in time (by a factor of 10 to 30 below the Nyquist rate), the DFT is still reliable in this case
because the data is sampled quasi-randomly in lightcurve phase. This reduces the sidelobe ambiguity which
normally results from undersampled data, though it does not eliminate it entirely, as we note below. We
show a sample transform and phased light curve of a doubly-periodic star in Figure 1. In our analysis, we
do not take into account period changes or binary motion which could have an impact on a DFT analysis.
Breger and Pamyatnykh (1998) have shown that § Scuti stars show period changes of one part in 10~% at
most and only one object in our sample (discussed in section 4.3) showed evidence of signal modulation due

to binarity.

The frequency precision is determined from the following formula

30’N

PO ) a—
VN(ty —to)A

(2)

where dv is the frequency error in cycles d™!, oy is the mean scatter of the data in magnitudes after
prewhitening, N is the number of data points, ¢y —t; is the total length of the data set in days, and A is the

amplitude of the observed pulsation mode. The uncertainty in the phase is determined using the relation

1
6¢ = 75 (3)

where d¢ is the phase error in radians, and P is the peak power normalized by the mean power level (see
Templeton et al. 1997 and references therein). A signal is considered real if P > 10 in either filter, and the
signal is clearly visible in the other filter. Frequency errors dv for the highest-amplitude modes average
~ 0.00005 cycles d—! even with the relatively low S/N. This is because the error term is dominated by
1/(tn ~ to), where t;y — o ~ 2100 days. The average phase error d¢ is ~ 0.1. In no case is P greater than

~ 280, so d¢ is never smaller than ~ 0.04 radians.

All of our 132 objects showed a 1 cycle day~' aliasing in their Fourier transforms due to the data

sampling. This aliasing caused some uncertainty in determining the correct frequency for ~ 15% of the
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sample. For the majority of these stars, the main frequency was easily identifiable and prewhitening
eliminated that period and it’s aliases. In some cases, prewhitening did not completely remove the signal or
it’s aliases, and these frequency identifications might be uncertain by +1 cycle day~!. Fortunately, several
of these objects had non-sinusoidal lightcurves and the first Fourier harmonic was used to determine the
correct primary pulsation mode. Secondary pulsation modes were not used to select the correct sidelobe,

since both frequencies could be off by 1 cycle day—! and still yield a reasonable period ratio.

To determine which stars among the 132 candidates are § Scuti stars, we visually inspected the light
curves and measured the ratio of R- and V-band amplitudes. Visual inspection allowed us to clearly
distinguish the majority of objects as either § Scuti stars or W Ursa Majoris contact binaries, because the
light curves of each type are usually quite distinctive, and few other types of variable star exist with these
short periods (see Sterken & Jaschek 1996). For those sources with noisy, poorly-sampled, or ambiguous
light curves, we also used the ratio of R- and V-band amplitudes. For ¢ Scuti stars, this ratio is less than
one, because the effective temperature can change by several hundred Kelvin over the pulsation cycle
(Solano & Fernley 1997), while for W Ursa Majoris stars, it is close to one because the two components have
nearly equal temperatures. This quantity is also useful because it is a reddening-free parameter, since the
amplitudes are not affected by reddening. Using this ratio, we find a mean Ap/Ay ~ 0.78 for the § Scuti
stars, and Ap /Ay ~ 0.93 for the W Ursa Majoris stars, with a division between the two classes at ~ 0.85.
This value is slightly different from the Ag/Ay ~ 0.8 used in Minniti et al. (1998), which is primarily due

to the coupling of the two filters in the different calibrations.

Based on the above analyses, 90 § Scuti stars were identified in the original sample of 132 candidates.
We present the list of § Scuti stars and their pulsation properties in Table 1. Detailed ephemerides including

frequencies, amplitudes and phases for each § Scuti star are given in Table 2.

3. Observational properties and period-amplitude distribution

The majority of objects in the MACHO sample of Galactic bulge § Scuti stars have pulsation behavior
similar to field HADS. Seventy of the 90 § Scuti stars in the bulge fields have V-amplitudes higher than
0.1 mag, and none are below 0.04 mag. Even our lowest-amplitude objects have amplitudes which are still
higher than those of field LADS. The lack of extremely low amplitude (1-10 millimag) objects is most
likely due to the S/N of the MACHO photometry. The discrete Fourier transform can detect signals at
the 0.30-level with a 99% confidence level (cf Mullan, Herr, Bhattacharyya 1992). The mean photometric
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error per point of the MACHO data is of order 0.05 magnitudes, so ideally, stars with amplitudes in the
0.015-0.02 magnitude range could be detectable in the MACHO database. However, we only found one
object with very low amplitude pulsations, and it appears to be a foreground object. Ultimately, the severe
temporal undersampling and low S/N relative to the pulsation amplitudes make objects like field LADS
difficult to detect in the bulge. Therefore, we cannot make any conclusions on the existence of LADS in the

Galactic bulge at the present time.

Figure 2 compares the amplitude distribution of the MACHO § Scuti stars to the Rodriguez et
al. (1994) sample of known field § Scuti stars. The vast majority of known field § Scuti stars have
amplitudes less than 0.05 magnitudes, so the MACHO ¢ Scuti stars are more like the field HADS. However,
we note that the amplitude distribution of the MACHO § Scuti stars lies between that of the field HADS
(centered at ~ 0.28 mag) and LADS (< 0.1 mag). We speculate that the MACHO stars may be a distinct
population that is physically different from both the field HADS (of which many are SX Phoenicis variables)
and field LADS.

Another clue to the physical properties of these sources is the distribution of their amplitudes versus
apparent magnitude. Figure 3 shows the distribution of V-amplitudes versus apparent V magnitudes.
Objects with amplitudes less than 0.1 mag appear to be smoothly distributed in apparent magnitude,
indicating they may be a mix of foreground disk objects and bulge stars, but the lack of any objects with
amplitudes significantly higher than 0.1 and brighter than V' ~ 16.5 is striking. We suggest that most if not
all of the stars with V' > 16 are within the Galactic bulge.

There is some evidence the MACHO objects may not have formed as normal, isolated stars. The
MACHO color-magnitude diagram of Baade’s window overlaid with the MACHO § Scuti stars is shown
in Figure 4. The § Scuti stars are slightly blueward and more luminous than the main-sequence turn-off
for the majority of bulge stars. This suggests that these objects may be like the blue stragglers observed
in other cluster populations, and might provide an answer as to why these early-type stars are found in a
nominally old stellar population. Observations of § Scuti blue stragglers in globular clusters (cf. Gilliland et
al. 1998) suggest that § Scuti stars are present even in very old stellar populations, and that they may form
due to stellar collisions or mass transfer in binary systems. There is even some evidence of field § Scuti
stars undergoing similar processes, for example the multiply-periodic LADS ¢ Tucanae (DeMey, Daems, &
Sterken 1998, and Templeton, Bradley, & Guzik 1999). However, some studies of stellar populations in the
Galactic bulge (cf. Holtzman et al. 1998, Ng et al. 1996, and Holtzman et al. 1993) indicate the presence

of multiple populations of stars, some of which may have formed within the past 1-2 Gyr. Therefore,
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a definitive statement on the age and properties of these objects cannot be made based solely on their
location on the color-magnitude diagram. We will discuss pulsational indicators of the physical properties of
individual objects briefly in the next section, but we leave a detailed theoretical analysis of their properties

for a later paper.

4. Pulsation behavior

In this section, the pulsation behavior of the MACHO & Scuti stars is discussed. Section 4.1 discusses
the observed light curve structures of these objects, section 4.2 describes the confirmed doubly- and
multiply-periodic stars, section 4.3 describes the suspected doubly- and multiply-periodic stars, and section
4.4 summarizes the pulsational behavior and discusses stellar characteristics that can be derived from this

study.

4.1. Light curve structure

The ¢ Scuti stars in the MACHO database show a variety of pulsation behaviors, though the majority
are large amplitude pulsators, and none have short (< 0.07 d) periods common among main-sequence
LADS. Seventy-six of the 90 stars in our sample show clear non-sinusoidal variations indicated by the
presence of the second (or higher order) Fourier harmonics. We list the pulsation parameters Ayq and ¢n1
for these 76 objects in Tables 3a and 3b, and plot them in Figures 5a and 5b. Anq is the ratio of the N-th
to first (fundamental) Fourier harmonic amplitude and ¢n is the phase difference of the N-th and first

Fourier harmonic, defined by

¢n1=¢N — N -1 4)

(Simon & Lee 1981, Morgan, Simet, & Bargenquast 1998).

Az ranged from 0.1 to 0.5 in V-band for these sources. Ag; is not correlated with period (see Figures
5a and 5b), but it is correlated with the pulsation amplitude A; (see Figure 6). The higher amplitude
objects have higher Ay; values. This is most likely a property of the stars rather than an observational
selection effect; if our ability to detect Ap; were limited by the S/N this would more severely impact the

low-amplitude pulsators. Since we find low-As; objects among the low-amplitude pulsators, this cannot
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be an observational bias. Therefore, the high-amplitude pulsators apparently cannot be sinusoidal. One
possible explanation for this is that as the star is driven to higher amplitudes (and hence higher radial
velocity variations), shocks in the envelope may perturb the lightcurve at specific stages of the pulsation
cycle. A modeling program using hydrodynamic simulations to study the high amplitude behavior of these

stars is in preparation (Templeton 1999).

Unlike the amplitude ratios, the phase differences are nearly constant for the Fourier series, and show
no correlation with either period or amplitude. In V-band, the phase differences (Figure 5) show only
moderate scatter (0.5 — 1 radian) around a constant value. This result is quite different from that seen
for Cepheids (Simon & Lee 1981), and might be related to the narrower range of periods and physical sizes
seen in ¢ Scuti stars. The average phase differences and scatter for the MACHO sample are nearly identical
to those of Morgan, Simet, & Bargenquast (1998) in their study of the OGLE & Scuti/SX Phoenicis stars.
However, a significant difference exists between MACHO and OGLE stars for the parameter ¢3;. Unlike
the OGLE sample, no MACHO stars have ¢35, ~ 4. Morgan, Simet, and Bargenquast (1998) suggest the
OGLE stars with ¢31 that are well separated from the main clump at ~ 2 radians may be SX Phoenicis
stars. Therefore, it could be possible that no SX Phe (Population II) stars are found among the MACHO
0 Scuti stars, but the physical explanation for the light curve behavior is not yet clear. We also note
Antonello et al. (1986) found a trend of phase differences with period in 24 field HADS. It is not clear why
the bulge HADS do not exhibit a similar trend, although the stars listed by Antonello et al. have higher

light amplitudes, and may be physically different. This is discussed further in section 4.4.

4.2. Confirmed double- and multiple-mode pulsators

At least 10 and as many as 18 § Scuti stars in our sample pulsate in two or more modes. The ten
objects listed in Table 4a are those with clearly identified secondary modes. Two of these stars - MACHO
109.20634.24 and 109.20638.40 - are probably foreground sources given their observed magnitudes and
colors (see Table 1). MACHO 109.20634.24 is probably an evolved nonradial pulsator, while MACHO
109.20638.40 (along with MACHO 104.20389.1202) has an anomalously low period ratio. In this section, we

discuss each of the ten best candidates.
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4.2.1. MACHO 109.20634.24

MACHO 109.20634.24 has a mean V-magnitude of 13.71. If we assume a maximum luminosity of 30
L, this star cannot be further than ~ 3.5 kpc, and is thus not a member of the bulge population. This star
is pulsating in four simultaneous modes with frequencies of 5.61, 5.47, 6.93, and 6.86 cycles d~1, indicating
that it is a nonradial pulsator. These four frequencies were detected both with the shorter 1993-1996 data,
set and with the longer 1993-1998 data set. Therefore, we are confident that all of these frequencies are
real. This star may be useful for asteroseismology, since it appears at least two of these modes are nonradial
ones, and nonradial pulsations propagate deeper into the star than do radial pulsations. However, a precise
asteroseismological analysis is difficult with few pulsation modes, so additional, high-precision photometry
is needed for a secure model fit. We also note that the low frequencies of these modes probably indicate
this is an evolved star, and core degeneracy will make seismology difficult as with & Scuti itself (Templeton

et al. 1997).

4.2.2. MACHO 104.20389.1202 and 109.20638.40

MACHO 104.20389.1202 and 109.20638.40 are double-mode pulsators, with mean V-magnitudes of
18.28 and 14.31 respectively. Using the same argument as for 109.20634.24, MACHO 109.20638.40 is likely
a foreground star. These two stars have anomalously low frequency ratios of 0.7507 and 0.7510, respectively.
Double-mode, radially pulsating § Scuti stars have frequency ratios not much less than 0.77 for fundamental
and first overtone pulsation, with higher n/(n + 1) combinations having higher ratios. We analyzed both
the 1993-1996 and 1993-1998 data sets for both of these objects and detected the same frequencies in both
cases. Therefore, we believe the modes are real and the stated frequencies are correct. There are three
possible explanations for these frequencies. First, the objects could be misidentified RR Lyrae pulsators.
We consider this to be very unlikely given the high pulsation frequencies relative to those of most RR
Lyrae stars. Second, one or both of the observed modes in these stars could be nonradial. This is also
unlikely, because if the modes were nonradial, we would not expect to see similar frequency ratios in two
different stars. Finally, the stars could be highly evolved and metal rich. Petersen & Christensen-Dalsgaard
(1996) and Templeton (1999) computed fundamental-to-first overtone frequency ratios for stars of different
abundances, and found a progression toward lower ratios in stars with higher metal abundances and older
ages. A star with Z > 0.02 could have a fundamental frequency and frequency ratio in this range, if it were

very old and cool (< 6800 K).
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4.2.3. MACHO 114.19840.890, 114.19969.980, 119.1957}.1169, 128.215/2.753, and 162.25343.874

These five objects are all double-mode § Scuti stars, with frequency ratios ranging from 0.7708 to
0.7742, indicating that they are pulsating in the fundamental and first overtone radial modes. Their mean
V-magnitudes range from 17.79 to 18.60, placing them within the Galactic bulge. Their vy frequencies range
from 7.964 to 9.683 cycles d~!, which is also reasonable for fundamental mode § Scuti stars. The spread
in frequency and in period ratio indicates that these five do not form a homogeneous group of objects, and

that they . Overall, thei

=

frequencies su
not close to the red edge of the instability strip, but the fact that they are pulsating in fundamental mode

indicates that they must be evolved.

We note that MACHO 128.21542.753 has a first overtone mode which is stronger than the fundamental.
This may indicate it is further from the red edge than the others. Therefore, caution must be used when
applying a period-luminosity relation to these objects. For example, the period-luminosity relation given
in Petersen & Hgg (1998) would yield a 0.4 magnitude difference in absolute magnitude depending on the
frequency used. Therefore, a clear mode identification should be made before applying a period-luminosity

relation to these objects.

4.2.4. MACHO 114.20368.797 and 121.22427.551

MACHO 114.20368.797 and 121.22427.551 are double-mode stars with frequency ratios of 0.7903 and
0.7830 respectively. The frequency ratio of 0.7903 for MACHO 114.20368.797 is too high for fundamental
and first overtone pulsation, so it is either second and first overtone pulsation, or one or both modes is
nonradial. The ratio of 0.7830 for MACHO 121.22427.551 is reasonable for a less-evolved fundamental
and first overtone pulsator ( Petersen & Christensen-Dalsgaard 1996). If both of these objects are radial
pulsators, then they must be younger than the bulk of the other double-mode § Scuti stars in the MACHO

sample, which again indicates the heterogeneity of the MACHO ¢ Scuti stars.

- 4.3. Possible double- and multiple-mode candidates

The remaining eight candidates in Table 4b have marginally detected frequencies or peculiar pulsation
spectra. Of these eight stars, three appear to be double mode, radial pulsators, but the secondary pulsation

modes are near the detection limit and may not be real signals. Three more stars clearly appear to have
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secondary modes, and are listed as tentative identifications because of their weak tertiary modes. One star
may have a variable frequency due to binary motion or period changes. Finally, one star is almost certainly

a double mode star, but the secondary frequency is not clearly detected due to 1 cycle per day aliasing.

4.3.1. Weak double-mode candidates

Three of the § Scuti stars, MACHO 114.20108.1218, 115.22573.263, and 116.24384.481, appear to
be double-mode, radial fundamental-first overtone pulsators, with period ratios of 0.78690, 0.77241, and
0.77271 respectively. However, the secondary modes are very weak, and lie near the signal detection limit.

Follow-up photometry with higher S/N will be required to confirm these frequencies.

4.3.2.  Multiple-mode candidates

Three of the d Scuti stars, MACHO 109.20378.2701, 119.19835.439, and 162.25475.771, may be
pulsating in non-radial modes. MACHO 109.20378.2701 had two closely-spaced modes at 9.6384 and 9.6556
cycles d=! detected using the 1993-1996 data set. The 1993-1998 data set yields a third weak frequency at
10.1348 cycles d~. Such close frequency spacing (0.017 cycles d~! or 0.2 pHz, for the two strongest modes)
is uncommon in § Scuti stars, but could be explained by rotational splitting. If this mode is nonradial, then

the true frequency may be split into a multiplet by the rotation of the star, according to the formula

51/=:|:m-(1—Cgk)-Q (5)

where dv is the frequency split, (k,£,m) are the spherical harmonic indices of the mode, C is the splitting
constant, and (2 is the rotation speed of the star (Unno et al. 1989). Since only three modes are visible, it
would be impossible to fit a theoretical model to these modes, so none of these parameters can be determined
without additional data. These modes may also be of two different £-values with close frequencies, and one
mode may be excited by the other. Again, a clear determination of this cannot be made without additional
modes present. However, the close spacing of the pulsation modes indicates non-radial pulsation modes,

making this star an interesting candidate for follow-up observations.

MACHO 119.19835.439 and 162.25475.771 appear to be double-mode pulsators, but have a tertiary
mode immediately adjacent to the overtone. As with MACHO 109.20378.2701, the frequency spacing is
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extremely small; év is 0.055 cycles d~! (0.65 uHz) for 119.19835.439 and 0.08 cycles d~! (0.93 uHz) for
162.25475.771. This behavior is also seen in the prototype of the class, § Scuti (Templeton et al. 1997). That
star has two modes at 8.33 and 8.57 cycles d~!, and one or both of them may be non-radial modes caused
by resonant excitation by the (undetected) second overtone. The same phenomenon may be occurring in

these objects.

4.8.8.  Double-mode candidate with sidelobe confusion

MACHO 120.21785.976 appears to be a double mode star, but it has a very low frequency ratio of
0.7120. This is much lower than what would be expected for a radially pulsating § Scuti star. However,
if the observed secondary mode is shifted by one cycle d! to 11.982 cycles d~!, the resulting frequency
ratio of ~ 0.771 is typical of that found in double-mode § Scuti stars in this frequency range. Further

observations are needed to obtain a more secure frequency determination for this star.

4.3.4. Phase problem or period change?

Finally, there is one star, MACHO 162.25996.475, which could not be properly phased. Prewhitening
of the light curve with the main pulsation frequency of 10.80128 cycles d~* yielded a second frequency at
10.80047 cycles d=! with very high power. This suggests either some form of modulation with a timescale
of 3.38 years (0.00081 cycles d™!) or possible a change in frequency of the main pulsation mode. A change
in the pulsation frequency would be particularly interesting, and the rate of change (AII/II ~ 4 - 10~%)
is reasonable compared to those seen in other J Scuti stars (Breger & Pamyatnykh 1998). Again, further

observations may be useful for better determining the pulsation behavior of this object.

4.4. Summary of pulsation behavior

The advanced evolution state of the MACHO § Scuti stars is indicated by the low pulsation frequencies
(5 - 15 cycles d™!) and the high light amplitudes (0.05 mag and higher). Furthermore, the frequency
ratios of ~ 0.77 seen in the confirmed double mode stars indicate that they are pulsating primarily in
the fundamental and first overtone modes, suggesting that these stars must lie nearer the red edge of the
instability strip. Overall, the MACHO 4 Scuti stars resemble evolved field HADS, though as we mentioned

both in section 3 and in section 4.1, their amplitudes and phase differences show some differences from their
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field counterparts. The lack of a trend of phase difference with frequency in the MACHO and OGLE bulge
0 Scuti stars is curious when compared to field HADS. As we mentioned in section 4.1, the field HADS
studied by Antonello et al. (1986) have average light amplitudes higher by a factor of two than the MACHO
stars. Our sample is also slightly different because it lacks stars with very low frequencies (4 - 5 cycles d—1)
or high frequencies (15 - 20 cycles d~!). A possible explanation for this is that the narrower range of periods
of our sample masks the trends in amplitudes and phase differences seen in field HADS. We consider this
likely because the trend in the field HADS is rather small - only 1.2 radians over the range of 4 to 20 cycles
d™!, and our phase errors range from 0.04 to 0.2 radians per star. However, the lack of any significant trend

in ¢9; is interesting, and may indicate real physical differences between the field and bulge § Scuti stars.

We also briefly address the location of these objects in the instability strip. As mentioned above, the
frequency ratios near 0.77 indicate fundamental-first overtone pulsation, and since the pulsation frequencies
of the double-mode stars are not significantly different from the other stars in our sample, we suspect
that the MACHO ¢ Scuti stars are primarily fundamental or low-overtone (first or second) pulsators.
One of the goals of this project is to assess whether we can use light curve structure as an indicator of
overtone. As mentioned in the introduction, Bono et al. (1997) and Templeton, Guzik, & McNamara
(1999) have used theoretical models to suggest that overtone pulsators have more non-sinusoidal lightcurves
than do fundamental pulsators. The fact that we see a broad range of As; and no trend of Ay; with
period, coupled with the presence of fundamental-first overtone pulsators with median As; values argues
against this. Possible reasons for the contradictory results may be the impact of convection in the stellar
envelope, a non-standard evolution history, or peculiar envelope abundances. More work along these lines is
clearly warranted and is currently underway (Templeton 1999). In particular, non-standard evolution and
composition differences compared to field HADS may be important because these objects are most likely
blue stragglers as mentioned in section 3. Several hydrodynamic calculations of stellar collisions have been
made in recent years. The results of Sills, Bailyn, & Demarque (1995) and Rasio (1996) show that blue
stragglers must be fully mixed by some process during or after the collision of the progenitor stars. If blue
stragglers form in this manner, it would have a very large impact on their pulsation behavior because the
envelope helium abundance would be greatly enhanced, impacting both the structure and the pulsational
driving. More theoretical pulsation simulations are currently being performed (Templeton 1999) to help

answer these questions.
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5. Conclusions

We have detected 90 new ¢ Scuti stars in the direction of the Galactic bulge using MACHO Project
photometry. The majority of these objects appear to be monoperiodic pulsators while at least ten and as
many as eighteen are doubly- or multiply-periodic objects. The confirmed doubly-periodic objects appear
to be fundamental-first overtone pulsators, though two of these objects have anomalous frequency ratios
suggesting high metal abundances. All of the 90 objects are HADS, and the majority of these stars appear
to be located in the bulge itself. Their overall behavior is very similar to field HADS and to the delta Scuti
stars found by the OGLE Project, but they appear to occupy an intermediate amplitude range, between the
bulk of the field LADS and the peak of the field HADS. Based on observed periods and the frequency ratios
of double-mode objects, these stars are most likely pulsating in fundamental or low-overtone radial modes,
with the exception of MACHO 109.20634.24 which is probably a foreground star pulsating in at least one
nonradial mode. No firm conclusions can be drawn about the origin of the bulge & Scuti stars, though their
presence in a moderately old stellar population and location blueward of the main-sequence turnoff suggests
a non-standard evolutionary origin. Detailed numerical studies of HADS pulsation behavior that may help

us to understand their origins are now underway.
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Figure Captions

Fig. 1.— Fourier transform and phased data for 119.19574.1169 (star 1169). (a) Raw data DFT, with peaks
at 9.36 and 12.09 cycles d~*. (b) Raw data folded with 9.36 cycle d~! frequency, showing scatter much
higher than the mean error per point. (c) Data prewhitened with 9.36 cycle d—! frequency, clearly showing

mode at 12.09 cycles d 1.

Fig. 2.— Amplitude distributions of Rodriguez et al. (1994) (top panel) and MACHO (bottom panel) §
Scuti star catalogs. The MACHO ¢ Scuti stars have amplitudes between the bulk of the field LADS and
HADS, but are otherwise very similar to field HADS.

Fig. 3.— V amplitude versus apparent V magnitude for the 90 MACHO 4§ Scuti stars. Without reddening
information, it is difficult to determine extinction values for these objects, but the bulk of the high amplitude
stars are clustered around V' ~ 17.5, consistent with bulge membership. The lack of bright high-amplitude
objects argues for high-amplitude objects only in the bulge, and lower amplitude objects being a mix of

bulge and foreground disk stars.

Fig. 4.— A dereddened color magnitude diagram of MACHO stars in Baade’s Window (small dots)
overlaid with the MACHO delta Scuti candidates (filled squares) where the dereddened Wy is defined
as V - 3.97(V ~ R). Most delta Scuti stars lie blueward majority of sources, and also lie on or blueward of
the main sequence band of more recent origin. This suggests that these objects may either be a member of

a more recent epoch of star formation in the bulge, or that they may be blue stragglers.

Fig. 5.-— Amplitude ratios Ay; and phase differences ¢n; for the MACHO § Scuti stars in V-band (a)
and R-band (b). The large scatter in A2 as a function of period argues against this parameter being an
indicator of overtone. The near-constancy of phase differences indicates that the envelope structure and

pulsation behavior of these objects are similar.

Fig. 6.— Amplitude ratio A (V) versus logIly for the 76 MACHO 4 Scuti stars with measurable first
Fourier harmonic amplitude A5 (V’). There appears to be no trend of light curve shape with period, which
may argue against the idea that light curve shape may serve as an indicator of whether a given pulsation

mode is fundamental or overtone.

Fig. 7.— Amplitude ratio As;(V') versus V amplitude for the 76 MACHO § Scuti stars with measurable
A2(V'). There is large scatter in this relation, but the lack of low As; values at higher light amplitudes
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indicates that lightcurves cannot remain purely sinusoidal at higher light amplitudes.
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OBSERVATIONAL DATA FOR THE 93 § SCUTI STARS DETECTED IN THE MACHO
CATALOG. N IS THE NUMBER OF POINTS IN THE DATA SET. ty IS THE TIME IN
DAYS RELATIVE TO HJD 2449000 OF THE FIRST DATA POINT, AND ¢y IS THE

TOTAL LENGTH OF THE DATA SET IN DAYS. V AND R ARE THE MEAN '
MAGNITUDES OF THE STAR, AND oy = o IS THE MEAN PHOTOMETRIC ERROR
PER POINT IN MAGNITUDES.

MACHO star RA declination N to tN 1% R oy =0oR
(HJID-2449000)
101.20648.1571 18:04:32.514 -27:32:43.56 405 61.2599 2197.0 18.470 17.830 0.080
101.20914.1063 18:04:56.662 -27:09:51.65 599 65.2546 2190.0 17.900 17.190 0.070
101.21305.255 18:06:03.677 -27:06:00.51 451 76.2496 1813.0 17.220 16.560 0.033
101.21436.366 18:06:12.428 -27:00:11.92 531 67.2221 1822.0 16.550 15.860 0.025
101.21437.1516 18:06:20.913 -26:57:16.42 502 66.2539 1823.0 18.550 17.840 0.103
101.21821.2017 18:07:14.770 -27:23:30.84 374 77.2988 2178.0 18.460 17.970 0.101
102.22591.871 18:09:04.476 -28:02:30.91 275 65.2818 2186.0 17.820 17.250 0.053
102.22721.762 18:09:10.172 -28:03:06.93 304 65.2818 2186.0 17.800 17.270 0.051
102.23504.1024 18:10:59.721 -27:50:50.50 221 76.2727 2175.0 17.780 17.210 0.051
103.24024.815 18:12:17.052 -27:48:44.00 126 08.2749 2133.0 17.940 17.330 0.039
103.24034.3894 18:12:15.263 -27:09:53.69 261 67.2846 2164.0 16.020 15.560 0.017
103.24284.695 18:13:01.070 -27:51:02.07 155 67.2846 2164.0 17.450 17.020 0.030
104.19990.4660 18:03:00.158 -28:06:58.18 607 54.2919 2206.0 17.700 17.140 0.044
104.20130.854 18:03:11.343 -27:26:33.60 675 54.2919 2206.0 19.500 18.450 0.198
104.20389.1202 18:03:54.048 -27:29:49.60 443 66.2445 2192.0 18.280 17.620 0.056
104.20516.955 18:04:06.584 -27:40:10.71 304 95.1988 2163.0 17.700 16.950 0.049
105.21420.2342 18:06:17.862 -28:04:54.51 538 67.2352 2191.0 18.570 17.900 0.081
105.21808.288 18:07:06.540  -28:15:15.81 275 65.2621 2186.0 17.370 16.820 0.036
105.21947.1957 18:07:32.983 -27:39:15.26 116 135.1167 1739.0 18.260 17.630 0.052
109.19721.2119 18:02:12.094 -28:41:06.34 553 79.2488 2175.0 18.640 17.920 0.087
109.10849.222 18:02:36.887 -28:48:16.74 563 76.2301 2182.0 17.540 16.860 0.039
109.19990.879 18:03:00.155 -28:06:57.84 497 46.2819 2209.0 17.800 17.280 0.044
109.20372.410 18:03:45.603 -28:37:02.06 589 46.2818 2209.0 17.290 16.650 0.035
109.20377.3241 18:03:46.890 -28:16:41.56 556 46.2818 2209.0 18.430 17.810 0.076
109.20378.2701 18:03:44.034 -28:15:06.07 557 46.2818 2209.0 16.600 16.100 0.021
109.20508.1186 18:04:10.472 -28:13:01.75 498 46.2818 1687.0 17.940 17.270 0.045
109.20634.24 18:04:33.150 -28:28:09.71 306 79.2488 2176.0 13.710 13.290 0.015
109.20638.40 18:04:18.571 -28:14:33.47 473 46.2818 1681.0 14.310 13.820 0.016
109.20762.936 18:04:46.279 -28:39:16.87 343 46.2818 2207.0 17.490 16.870 0.041
109.20764.893 18:04:42.595 -28:27:49.89 568 46.2818 2212.0 17.490 16.880 0.038
109.20890.1400 18:05:05.385 -28:45:09.15 558 46.2818 2212.0 17.860 17.330 0.073
110.22836.520 18:09:35.179 -29:02:37.48 503 65.2770 2193.0 17.820 17.170 0.047
110.22845.739 18:09:29.200 -28:27:41.07 475 65.2770 2190.0 18.220 17.440 0.057
110.23356.737 18:10:45.153 -29:03:18.19 416 65.2770 2193.0 17.680 17.220 0.057
111.23882.712 18:11:58.870 -28:37:51.25 211 67.2998 1987.0 17.610 17.110 0.036
113.18159.547 17:58:49.048 -28:49:09.21 379 44.2772 2211.0 17.460 16.760 0.038
113.19324.1134 18:01:27.936 -29:10:47.26 776 45.2741 2213.0 18.030 17.390 0.083
113.19452.883 18:01:51.464 -29:17:09.46 643 43.2815 2212.0 18.320 17.510 0.069
114.19716.1463 18:02:27.363 -29:03:07.42 516 54.2869 2206.0 18.070 17.440 0.078
114.19840.890 18:02:31.853 -29:27:03.85 634 54.2869 2206.0 17.990 17.270 0.050
114.19849.2274 18:02:36.969 -28:48:18.95 555 54.2869 2206.0 17.610 16.940 0.044
114.19969.980 18:02:52.204 -29:30:24.50 616 76.2349 2184.0 18.600 17.890 0.081
114.20108.1218 18:03:05.057 -28:52:52.68 537 54.2869 2206.0 17.550 17.090 0.036
114.20230.3899 18:03:38.323 -29:24:35.08 578 76.2349 2184.0 17.520 17.010 0.043
114.20368.797 18:03:57.216 -28:52:12.48 483 54.2868 1679.0 17.180 16.540 0.032
114.20620.159 18:04:19.436 -29:26:57.63 556 65.2306 2193.0 15.680 15.060 0.017
115.22573.263 18:09:00.480 -29:14:30.88 265 65.2909 2182.0 17.950 17.400 0.064
115.23092.1144 18:10:17.081 -29:15:56.35 220 65.2909 1617.0 18.560 17.980 0.072
115.23344.1034 18:10:44.644 -29:49:00.38 188 67.2620 2164.0 18.280 17.760 0.052
115.23474.197 18:11:07.718 -29:48:33.28 261 65.2908 2182.0 16.640 16.170 0.022
116.24123.2368 18:12:46.751 -29:52:38.11 214 79.3070 2152.0 17.370 16.880 0.027
116.24124.2364 18:12:46.005 -29:50:54.28 197 79.3070 1976.0 17.650 17.170 0.035



TABLE 1—Continued

MACHO star RA declination N to tn 1% R ov =0R
(HJID-2449000)
116.24129.1921 18:12:37.009 -29:27:46.79 81 79.3070 2152.0 13.540 13.230 0.015
116.24131.2209 18:12:33.746 -29:20:47.10 224 95.2923 2136.0 18.060 17.620 0.046
116.24384.481 18:13:16.449 -29:49:26.99 144 83.2993 2148.0 17.290 16.860 0.027
118.17885.605 17:58:11.293 -29:45:54.04 735 54.2780 2206.0 17.650 16.960 0.053
118.18270.1593 17:58:59.510 -30:07:04.55 733 54.2780 2206.0 19.040 18.330 0.135
118.18921.1569 18:00:35.742 -30:00:26.60 225 88.1206 2164.0 18.790 18.080 0.080
119.19574.1169 18:02:00.371 -29:48:43.20 530 65.2420 2193.0 17.930 17.470 0.050
119.19835.439 18:02:36.816 -29:47:16.73 683 50.2710 2210.0 16.570 16.090 0.023
119.20351.905 18:03:42.578 -30:01:34.27 709 46.2774 2214.0 17.520 16.980 0.036
119.20738.147 18:04:52.662 -30:13:12.52 745 46.2773 2214.0 15.850 15.240 0.019
119.20738.827 18:04:41.756 -30:15:02.54 750 46.2774 2214.0 18.080 17.370 0.096
119.20742.2231 18:04:39.012 -29:58:38.74 620 46.2774 2214.0 17.840 17.330 0.057
120.21131.780 18:05:35.847 -30:02:03.15 350 70.2732 2188.0 18.150 17.560 0.047
120.21396.683 18:06:23.544 -29:41:21.44 322 70.2732 2181.0 17.420 16.970 0.034
120.21785.976 18:07:19.302 -29:46:56.22 491 65.2715 2190.0 17.450 16.890 0.042
121.21388.153 18:06:24.031 -30:13:59.51 254 65.2864 2166.0 17.680 17.170 0.038
121.21904.664 18:07:33.959 -30:31:05.90 277 65.2864 2166.0 17.970 17.440 0.043
121.22291.582 18:08:30.835 -30:42:49.11 255 76.2776 2155.0 17.790 17.270 0.034
121.22427.551 18:08:47.966 -30:19:38.73 218 65.2863 1624.0 17.590 17.010 0.036
124.21891.372 18:07:34.019 -31:21:10.71 250 65.2954 2166.0 17.160 16.660 0.024
124.21893.553 18:07:33.976 -31:13:27.74 258 65.2954 2166.0 17.650 17.180 0.030
124.21894.405 18:07:28.406 -31:08:03.54 234 65.2954 2166.0 17.140 16.700 0.023
124.22412.549 18:08:34.492 -31:15:56.53 257 65.2954 2166.0 17.500 17.000 0.036
125.23584.66 18:11:32.945 -31:08:04.43 230 83.3127 2148.0 15.780 15.140 0.019
125.23847.221 18:12:01.544 -30:57:40.03 171 83.3127 1970.0 16.760 16.270 0.035
128.21153.1181 18:05:42.128 -28:32:46.01 471 65.2670 2190.0 17.930 17.330 0.042
128.21405.697 18:06:17.374 -29:06:12.80 537 65.2670 2190.0 17.200 16.640 0.031
128.21542.753 18:06:35.933 -28:39:31.26 478 65.2670 2188.0 17.790 17.180 0.039
128.21665.609 18:06:50.829 -29:07:40.90 518 65.2670 2190.0 17.410 16.860 0.035
159.25613.963 18:16:02.854 -25:52:41.45 378 95.3081 2152.0 18.320 17.810 0.071
159.25745.544 18:16:10.473 -25:43:56.05 351 95.3081 2152.0 17.450 16.930 0.032
161.25086.954 18:14:43.392 -26:23:24.23 370 67.2799 2164.0 18.320 17.670 0.055
161.25215.1203 18:15:09.843 -26:26:50.20 389 67.2799 2164.0 18.450 17.890 0.061
162.25086.6466 18:14:43.378 -26:23:24.35 301 83.3093 2148.0 18.280 17.680 0.051
162.25343.874 18:15:16.333 -26:35:40.16 347 83.3093 2148.0 17.960 17.470 0.036
162.25348.3066 18:15:30.205 -26:14:49.49 297 83.3093 1980.0 17.810 17.280 0.035
162.25475.771 18:15:35.005 -26:26:05.45 285 96.2453 2135.0 18.020 17.510 0.050
162.25478.743 18:15:42.416 -26:13:33.21 332 83.3093 2148.0 17.830 17.350 0.053
162.25996.475 18:16:50.718 -26:23:04.82 322 95.3000 2136.0 17.200 16.770 0.026
167.24173.558 18:12:32.538 -26:35:36.88 253 67.2709 2164.0 17.300 16.720 0.038
167.24295.493 18:12:57.292 -27:07:32.64 259 66.2940 2181.0 17.150 16.640 0.025




TABLE 2

PULSATION SPECTRA FOR THE 93 § SCUTI STARS DETECTED IN THE MACHO
CATALOG. Ay AND AR ARE THE PULSATION AMPLITUDES IN MAGNITUDES IN THE
TWO PASSBANDS. P4y AND Pr ARE THE NORMALIZED POWER IN THE TWO
PASSBANDS. ¢y AND ¢p ARE THE PHASES IN RADIANS RELATIVE TO %y GIVEN IN

TABLE 1.
MACHO star frequency Av Py v Ar Py or
(cye d™)

101.20648.1571 9.76699 0.109 73.66 1.73 0.091 56.40 1.74
19.53412 0.031 9.06 0.29 0.027 6.91 0.36

101.20914.1063 6.57256 0.076 105.07 3.94 0.062 51.95 4.06
101.21305.255 8.91882 0.182 184.03 2.90 0.141 169.12 2.95
17.83763 0.067 123.12 1.55 0.060 113.71 1.54

26.75646 0.025 39.30 0.55 0.018 21.73 0.48

35.67535 0.018 22.35 5.84 0.013 11.31 5.85

101.21436.366 6.08302 0.096 233.61 4.80 0.074 216.21 4.83
12.16609 0.015 46.64 5.88 0.010 22.49 6.04

101.21437.1516 9.58501 0.256 162.99 5.42 0.202 145.24 5.44
19.17002 0.103 78.00 0.70 0.088 67.32 0.71

28.75506 0.042 18.70 2.29 0.045 23.66 2.13

101.21821.2017 14.02810 0.260 107.82 5.45 0.206 102.14 5.48
28.05618 0.101 41.85 0.46 0.082 39.82 0.49

102.22591.871 8.86315 0.182 77.87 6.03 0.138 89.15 6.03
17.72617 0.068 26.30 0.73 0.052 36.58 0.79

102.22721.762 10.10345 0.137 114.85 0.85 0.103 94.69 0.94
20.20690 0.041 46.11 3.96 0.035 30.47 4.02

102.23504.1024 10.75762 0.187 73.57 3.83 0.137 65.97 3.87
21.51516 0.076 39.91 2.73 0.059 32.10 2.67

103.24024.815 11.98790 0.144 51.71 5.48 0.103 46.54 5.44
23.97577 0.059 31.71 0.44 0.039 19.57 0.51

35.96368 0.026 13.52 2.38 0.017 5.78 2.10

103.24034.3894 10.68674 0.071 99.26 1.48 0.050 85.45 1.51
103.24284.695 10.89614 0.149 72.14 3.11 0.112 68.89 3.12
21.79226 0.036 36.97 2.26 0.030 30.43 2.21

104.19990.4660 10.41540 0.187 252.64 1.99 0.147 236.42 1.97
20.83081 0.048 110.03 5.99 0.036 69.67 6.12

31.24626 0.014 14.21 4,71 0.013 12.29 4.43

104.20130.854 8.03742 0.201 111.87 4.73 0.144 162.68 4.80
16.07489 0.074 22.52 5.24 0.053 41.54 5.50

104.20389.1202 6.34464 0.057 40.08 2.00 0.044 56.60 1.89
8.45177 0.038 21.97 3.89 0.026 27.51 3.89

104.20516.955 9.39176 0.082 38.16 1.95 0.050 56.52 1.97

105.21420.2342 10.563760 0.119 114.27 1.66 0.090 114.35 1.67



TABLE 2— Continued

MACHO star frequency Ay Py dv Agr Py R
(cycd™)

105.21808.288 8.77358 0.199 108.40 0.18 0.155 105.60 0.22
17.54723 0.072 67.21 2.73 0.061 72.23 2.77

26.32082 0.038 35.66 5.22 0.026 25.05 5.24

105.21947.1957 8.92978 0.166 51.01 4.99 0.132 50.01 5.14
17.85964 0.062 23.31 0.32 0.048 21.26 0.33

109.19721.2119 8.25999 0.178 150.51 1.72 0.128 154.21 1.80
16.51999 0.057 33.73 5.75 0.050 52.60 5.84

24.78003 0.045 24.17 3.98 0.031 25.14 3.73

109.19849.222 5.48653 0.224 203.24 4.03 0.178 190.59 4.08
10.97309 0.107 179.21 3.93 0.084 139.00 3.92

16.45964 0.057 137.31 3.60 0.044 74.11 3.56

21.94625 0.022 39.84 4.21 0.017 14.28 3.96

27.43266 0.014 18.54 3.36 0.008 3.33 3.30

32.91926 0.016 24.70 4.06 0.013 9.14 4.34

109.19990.879 10.41540 0.184 206.28 4.58 0.148 180.28 4.60
20.83082 0.045 94.85 5.14 0.039 51.05 5.14

109.20372.410 7.91879 0.158 245.45 1.29 0.125 238.40 1.32
15.83754 0.042 107.05 4.45 0.033 90.50 4.47

109.20377.3241 8.93057 0.148 185.05 2.81 0.113 153.35 2.87
17.86111 0.048 57.62 1.47 0.041 44.71 1.42

109.20378.2701 9.63835 0.048 146.23 3.65 0.038 109.47 3.75
9.65558 0.030 122.26 3.43 0.023 65.55 3.43

10.13476 0.011 30.77 2.77 0.009 12.28 2.53

109.20508.1186 7.42386 0.190 180.52 4.26 0.144 168.28 4.34
14.84776 (0.084 122.54 4.67 0.065 101.07 4.63

22.27159 0.039 51.49 4.63 0.035 48.87 4.59

29.69555 0.018 14.45 4.82 0.018 15.72 4.98

109.20634.24 5.61171 0.055 106.73 1.89 0.043 87.52 1.87
5.47079 0.019 35.78 2.81 0.014 21.60 2.86

6.92653 0.015 31.11 5.51 0.012 18.21 5.41

6.85830 0.013 29.24 4.55 0.012 18.39 4.63

109.20638.40 8.68086 0.092 200.90 5.01 0.073 194.28 5.03
17.36172 0.013 29.45 5.84 0.011 27.36 5.76

11.55858 0.013 33.92 3.77 0.013 45.37 3.79

109.20762.936 8.76478 0.126 139.10 2.02 0.093 104.96 2.00
17.52964 0.038 55.86 0.62 0.029 23.77 0.62

109.20764.893 5.24848 0.083 201.39 5.11 0.071 190.38 5.12
109.20890.1400 10.19946 0.270 216.40 4.11 0.223 197.98 4.14

20.39890 0.112 166.33 4.06 0.089 108.34 4.05



TABLE 2— Continued

MACHO star frequency Ay Py v Agr Pr or
(cyc d™h)
30.59832 0.044 59.35 3.98 0.037 29.01 4.14
40.79787 0.021 16.63 4.82 0.022 11.93 4.70
110.22836.520 10.19437 0.142 166.97 1.71 0.108 139.72 1.78
20.38871 0.055 81.16 5.69 0.044 56.48 5.68
30.58303 0.020 16.49 3.35 0.013 6.31 3.17
110.22845.739 9.71773 0.079 77.83 2.21 0.060 92.63 2.20
110.23356.737 9.20061 0.238 146.60 0.79 0.194 137.05 0.81
18.40125 0.099 95.47 4.08 0.079 72.40 4.12
27.60189 0.046 43.48 1.12 0.039 29.15 1.056
36.80247 0.032 25.92 4.08 0.029 19.45 3.87
46.00316 0.020 11.43 0.95 0.014 4.32 0.78
111.23882.712 8.92077 0.189 83.38 5.18 0.136 71.34 5.21
17.84153 0.082 68.47 6.26 0.065 49.27 6.21
26.76228 0.034 36.44 1.05 0.028 17.63 1.01
113.18159.547 5.14025 0.144 125.52 5.89 0.114 125.42 5.01
10.28048 0.064 81.52 0.97 0.048 75.57 1.04
15.42074 0.024 20.96 2.36 0.017 16.40 2.11
113.19324.1134 9.32737 0.180 208.77 2.60 0.146 186.42 2.66
18.65477 0.078 90.49 1.35 0.059 60.77 1.36
27.98215 0.036 25.25 0.00 0.030 19.20 6.20
113.19452.883 8.12942 0.130 163.79 1.85 0.105 158.69 1.84
16.25885 0.039 30.14 0.00 0.031 27.30 6.26
114,19716.1463 8.92315 0.178 187.40 5.97 0.138 120.40 6.01
17.84625 0.051 56.55 1.21 0.046 24.62 1.30
26.76942 0.024 15.42 3.09 0.013 2.18 3.27
114.19840.890 7.96395 0.143 165.81 5.08 0.117 140.29 5.12
10.33167 0.052 45.31 1.38 0.033 19.75 1.37
15.92791 0.040 31.25 0.12 0.032 19.82 0.12
18.29552 0.029 18.25 1.74 0.023 11.16 1.82
114.19849.2274 5.48654 0.231 189.90 0.15 0.171 168.38 0.17
10.97308 0.115 166.27 2.60 0.086 116.91 2.53
16.45964 0.051 86.51 4.75 0.040 45.27 4.69
21.94612 0.021 21.43 0.74 0.014 6.45 0.41
27.43273 0.015 12.53 3.64 0.011 4.75 3.75
32.91918 0.019 18.55 6.19 0.021 15.60 0.05
38.40565 0.015 13.39 1.24 0.012 5.45 1.06
114.19969.980 9.68320 0.171 178.17 2.24 0.133 201.18 2.23
19.36638 0.039 21.57 0.13 0.030 29.44 0.08
12.52957 0.037 20.87 1.21 0.029 31.00 1.24
114.20108.1218 10.85572 0.179 208.78 3.15 0.143 179.05 3.20



TABLE 2— Continued

MACHO star frequency Ay Py ov Ar Pr or
(cycd™)
21.71143 0.062 125.22 2.29 0.049 68.17 2.32
32.56717 0.024 35.54 1.40 0.018 11.98 1.41
13.79556 0.013 11.53 5.25 0.016 10.49 5.41
114.20230.3899 9.63362 0.129 208.69 5.37 0.110 211.05 5.42
19.26726 0.024 24.99 6.18 0.017 18.05 5.93
114.20368.797 8.55258 0.073 132.50 3.13 0.056 119.15 3.13
10.82242 0.026 35.75 6.15 0.021 31.67 0.10
17.10518 0.020 25.04 1.99 0.014 15.50 2.10
114.20620.159 7.81557 0.083 257.31 0.66 0.068 229.63 0.67
15.63113 0.009 55.19 3.90 0.007 15.48 4.03
115.22573.263 10.89872 0.185 85.22 5.70 0.157 59.50 5.70
14.11001 0.047 15.11 0.79 0.047 9.64 0.83
115.23092.1144 10.89628 0.182 75.84 4.98 0.144 70.92 5.01
21.79259 0.075 36.78 5.89 0.065 36.52 5.98
32.68885 0.039 14.71 0.46 0.028 10.04 0.60
115.23344.1034 11.42065 0.271 72.72 3.68 0.229 71.28 3.73
22.84133 0.123 57.05 3.63 0.098 46.94 3.66
34.26200 0.055 26.80 3.44 0.035 11.34 3.11
45.68265 0.034 14.10 3.05 0.037 14.23 3.08
115.23474.197 10.06542 0.212 104.63 0.76 0.170 101.74 0.79
20.13082 0.077 75.67 3.79 0.058 58.86 3.80
30.19627 0.039 48.95 0.61 0.032 33.02 0.64
40.26164 0.024 29.85 3.33 0.020 16.76 3.37
50.32710 0.013 11.54 5.98 0.011 5.59 5.62
116.24123.2368 8.99396 0.157 77.06 0.67 0.115 68.00 0.69
17.98788 0.063 52.62 3.61 0.053 44.88 3.60
116.24124.2364 10.37310 0.253 80.08 3.20 0.198 80.73 3.23
20.74616 0.075 32.66 1.93 0.060 34.46 1.92
31.11929 0.049 20.82 1.01 0.031 15.40 1.05
116.24129.1921 12.07559 0.104 35.44 0.97 0.077 33.95 1.03
116.24131.2209 11.76842 0.175 73.61 1.75 0.131 64.21 1.81
23.53677 0.072 36.73 5.78 0.052 23.72 5.98
116.24384.481 11.50557 0.182 59.22 4.37 0.145 55.56 4.37
23.01107 0.054 34.11 4.23 0.044 25.01 4.25
14.88981 0.029 19.96 4.09 0.023 10.48 4.09
34.51673 0.025 20.68 5.36 0.023 12.46 5.25
118.17885.605 6.41524 0.163 254.33 0.80 0.136 252.62 0.79

12.83047 0.045 65.21 3.67 0.038 66.06 3.68



TABLE 2—Continued

MACHO star frequency Av Py ov Ar Pp ¢r
(cycd™)

118.18270.1993 7.59498 0.302 240.95 4.31 0.247 244.41 4.37
15.18999 0.122 118.99 4.55 0.098 119.74 4.58

22.78497 0.065 51.24 4.53 0.047 41.83 4.45

118.18921.1569 9.52864 0.192 59.67 4.10 0.166 55.90 4,11
19.05715 0.059 11.58 3.59 0.052 10.52 3.87

119.19574.1169 9.35930 0.099 93.33 0.98 0.080 70.28 0.95
12.08875 0.087 116.48 2.32 0.074 82.74 2.44

18.71868 0.025 17.45 4.77 0.019 7.66 4.89

21.44804 0.024 17.55 5.27 0.027 16.62 5.19

119.19835.439 5.27501 0.167 270.19 2.85 0.130 186.41 2.84
10.55000 0.056 154.02 1.33 0.040 40.10 1.23

15.82508 0.022 42.89 0.25 0.015 6.67 0.11

8.67222 0.021 48.07 2.23 0.021 12.14 2.40

8.61755 0.018 39.41 2.73 0.018 9.67 2.65

119.20351.905 6.20065 0.164 241.97 2.34 0.131 243.77 2.39
12.40131 0.053 88.91 0.49 0.041 85.69 0.40

119.20738.147 10.30463 0.073 316.04 2.75 0.058 280.05 2.78
20.60925 0.009 32.13 1.58 0.008 21.44 1.56

119.20738.827 10.38803 0.178 241.68 1.27 0.143 230.72 1.33
20.77608 0.062 94.96 4.90 0.051 85.45 4.88

31.16403 0.027 26.50 1.84 0.021 19.55 1.65

119.20742.2231 9.90682 0.174 177.21 6.08 0.142 160.34 6.14
19.81363 0.070 69.80 1.83 0.060 62.41 1.77

120.21131.780 11.53958 0.138 122.84 0.93 0.102 128.61 0.97
23.07906 0.039 33.97 3.08 0.030 44.50 3.11

120.21396.683 8.84571 0.146 96.60 4.26 0.130 122.99 4.29
17.69134 0.044 21.08 3.80 0.036 36.05 3.55

120.21785.976 9.24373 0.158 202.91 0.50 0.121 176.87 0.55
18.48747 0.039 66.28 3.29 0.031 41.68 3.22

27.73122 0.014 11.96 0.42 0.012 7.53 0.59

12.98294 0.015 14.23 1.54 0.013 9.02 1.66

121.21388.153 10.07095 0.121 94.58 2.08 0.096 88.12 2.05
20.14191 0.032 26.26 0.50 0.025 18.84 0.37

121.21904.664 10.45362 0.167 110.76 0.44 0.131 98.79 0.50
20.90727 0.054 58.37 3.21 0.040 31.04 3.33

31.36095 0.020 13.90 0.01 0.017 7.13 6.16

121.22291.582 10.36103 0.193 98.47 1.19 0.153 90.66 1.22
20.72208 0.073 77.84 4.70 0.064 64.06 4.62

31.08312 0.030 31.94 1.93 0.023 15.64 1.82



TABLE 2— Continued

MACHO star frequency Ay Py v Ar Pr or
(cycd™)

121.22427.551 10.31268 0.205 71.99 3.00 0.157 92.52 3.04
23.48304 0.052 11.70 3.52 0.034 20.21 3.57

13.17041 0.042 8.50 5.69 0.030 18.72 5.50

20.62540 0.041 8.87 2.00 0.038 38.53 2.05

124.21891.372 10.52586 0.104 104.77 3.78 0.082 106.10 3.78
21.05169 0.015 20.10 3.50 0.013 23.08 3.40

124.21893.553 9.14492 0.209 104.18 6.17 0.166 99.12 6.23
18.28987 0.079 71.19 2.19 0.064 59.06 2.22

27.43478 0.038 38.08 4.25 0.028 20.96 4.18

124.21894.405 11.24819 0.105 101.87 2.87 0.086 97.93 2.88
22.49641 0.014 27.76 1.70 0.012 23.37 1.96

124.22412.549 11.78423 0.150 100.27 0.93 0.112 78.87 1.04
23.56844 0.042 37.66 3.96 0.036 19.97 3.73

35.35268 0.025 18.28 0.94 0.014 3.98 0.99

125.23584.66 11.60383 0.054 75.05 3.13 0.039 59.93 3.21
125.23847.221 10.76675 0.189 79.85 2.65 0.148 77.71 2.72
21.53344 0.054 46.74 1.09 0.041 38.60 1.12

128.21153.1181 8.84936 0.207 174.84 6.27 0.166 177.36 0.06
17.69873 0.086 126.09 2.31 0.069 138.48 2.34

26.54812 0.037 51.13 4.86 0.032 71.64 4.87

35.39742 0.023 25.08 0.21 0.012 15.56 0.36

128.21405.697 7.89679 0.110 217.10 5.20 0.083 206.69 5.21
15.79357 0.022 48.41 0.19 0.018 44.29 0.12

128.21542.753 10.80603 0.077 106.22 2.53 0.064 95.96 2.58
8.32973 0.051 83.75 2.70 0.044 74.95 2.90

21.61200 0.020 20.83 0.31 0.016 15.30 0.37

19.13576 0.020 21.38 1.32 0.018 20.43 1.30

128.21665.609 9.22620 0.088 181.69 5.06 0.073 128.12 5.13
18.45240 0.015 19.71 6.19 0.012 6.71 5.89

159.25613.963 13.13692 0.181 123.93 4,77 0.142 114.04 4.84
26.27383 0.082 68.99 5.35 0.059 45.71 5.31

39.41077 0.038 23.45 0.61 0.026 12.01 0.33

159.25745.544 9.22971 0.078 125.22 0.80 0.063 132.68 0.80
18.45935 0.014 13.33 4.15 0.011 14.84 3.96

161.25086.954 9.08552 0.198 114.68 2.67 0.161 132.78 2.67
18.17099 0.083 50.10 0.87 0.071 86.20 0.86

27.25643 0.032 10.32 5.05 0.027 22.14 5.18

36.34185 0.027 7.63 2.57 0.014 7.22 2.62



TABLE 2— Continued

MACHO star frequency Ay Py dv Ap Pr or
(cycd™)
161.25215.1203 11.76963 0.075 61.60 1.01 0.066 59.30 1.05
162.25343.874 8.98622 0.108 114.48 1.15 0.086 91.82 1.15
11.64074 0.041 59.28 0.59 0.034 34.27 0.60
17.97240 0.024 30.80 4.21 0.017 10.61 4.20
162.25348.3066 11.70606 0.194 118.04 2.48 0.144 103.00 2.51
23.41209 0.078 89.71 0.93 0.053 45.57 0.95
35.11815 0.033 39.98 5.80 0.025 14.22 5.74
46.82417 0.016 13.29 3.76 0.012 3.76 3.40
162.25475.771 11.27268 0.142 100.17 2.37 0.111 83.44 2.36
14.48269 0.040 29.71 0.61 0.031 16.94 0.38
22.54535 0.035 29.83 0.47 0.027 14.46 0.36
14.40240 0.028 23.90 1.95 0.022 10.52 1.69
25.75540 0.019 13.65 5.23 0.017 7.00 5.68
162.25478.743 9.92486 0.197 120.77 3.95 0.157 87.64 4.01
19.84970 0.084 80.02 3.80 0.073 39.81 3.75
29.77457 0.039 32.44 3.76 0.036 12.84 3.68
162.25086.6466 9.08551 0.206 113.35 4.94 0.154 103.10 4.94
18.17100 0.083 71.22 5.44 0.065 57.59 5.44
27.25651 0.037 28.11 0.08 0.035 27.02 0.04
162.25996.475 10.80128 0.136 133.14 6.23 0.114 114.46 6.23
21.60252 0.026 27.13 2.00 0.017 9.06 2.14
10.80047 0.029 41.27 0.65 0.028 25.81 0.70
167.24173.558 8.59703 0.123 88.16 0.42 0.082 52.00 0.38

167.24295.493 9.53194 0.071 95.70 1.75 0.058 90.39 1.75




TABLE 3A

V-BAND FOURIER AMPLITUDE RATIOS AND PHASE DIFFERENCES FOR THE 79
OBJECTS IN OUR SAMPLE OF MACHO DELTA SCUTI STARS HAVING A FIRST
FOURIER HARMONIC (Ajg). Ay IS THE RATIO OF n-TH TO FUNDAMENTAL
FOURIER HARMONIC AMPLITUDES. ¢, IS THE NORMALIZED PHASE DIFFERENCE
®¢n — Nl IN RADIANS.

MACHO Star # v A 1 Aot . Am ¢dn Aa dm Ast ds1 Aei e An ¢n
101.20648.1571 9.766988 011 1.7 029 3.2

101.21305.255 8.918816 018 29 037 4.2 0.14 1.9 0.10 5.8

101.21436.366 6.083023 0.10 4.8 0.16 3.7

101.21437.1516 9.585009 026 54 040 3.9 016 14
101.21821.2017 14.028103 0.26 54 039 4.1

102.22591.871 8.863148 0.18 6.0 038 5.1
102.22721.762 10.103451 0.14 0.8 0.30 4.0
102.23504.1024 10.7567620 0.19 3.8 041 49
103.24024.815 11.987896 0.14 55 041 42 018 1.5
103.24034.3894 10.686740 0.07 1.5 0.14 4.3
103.24284.695 10.896136 0.15 3.1 0.24 4.0
104.19990.4660 10.415403 0.19 2.0 026 43 007 1.3
104.20130.854 8.037423 0.20 4.7 037 4.2
105.21808.288 8.773583 020 02 036 39 019 1.6

105.21947.1957 8.929778 017 5.0 037 34
109.19721.2119 8.259985 0.18 1.7 032 40 025 1.2

109.19849.222 5.486534 022 4.0 048 4.1 025 2.2 0.10 5.6 0.06 4.2 0.07 1.3
109.19990.879 10.415396 0.18 4.6 0.25 4.0
109.20372.410 7.918786 016 13 027 44

109.20377.3241 8.930567 0.15 2.8 0.32 4.2
109.20508.1186 7.423864 019 43 044 39 020 1.9 0.10 6.0

109.20638.40 8.680859 0.09 5.0 014 4.2

109.20762.936 8.764776 013 20 030 34

109.20890.1400 10.199457 0.27 41 041 4.1 016 2.1 0.08 5.3
110.22836.520 10.194366 0.14 1.7 0.39 4.0 0.14 1.8
110.23356.737 9.200613 024 08 041 38 019 1.3 013 54 009 3.0
111.23882.712 8.920773 0.19 52 043 4.1 0.18 1.9
113.18159.547 5.140253 014 59 044 45 017 28
113.19324.1134 9.327369 018 26 043 39 020 1.5
113.19452.883 8.129420 013 19 030 3.7

114.19716.1463 8.923152 018 6.0 029 44 013 2.2
114.19840.890 7.963950 0.14 51 028 3.7

114.19849.2274 5.486536 023 02 050 40 022 20 009 6.1 006 34 008 10 0.07 6.1
114.19969.980 9.683205 0.17 2.2 0.23 4.3

114.20108.1218 10.855722 0.18 3.2 034 4.0 013 1.8

114.20230.3899 9.633618 013 54 019 46

114.20368.797 8.552585 007 31 027 43

114.20620.159 7.815573 008 07 010 3.7

115.23092.1144 10.896281 0.18 5.0 041 4.1 021 19

115.23344.1034 11.420648 0.27 3.7 045 3.7 020 1.3 0.12 54
115.23474.197 10.065422 021 0.8 036 40 018 1.7 011 6.0 0.06 4.1
116.24123.2368 8.993959 0.16 0.7 040 4.0

116.24124.2364 10.373105 0.25 3.2 030 4.5 0.19 23

116.24131.2209 11.768418 0.17 1.8 041 4.0

116.24384.481 11.505569 0.18 44 030 4.5 014 1.5

118.17885.605 6.415236 0.16 0.8 028 4.2

118.18270.1993 7.594984  0.30 4.3 040 4.1 022 21

118.18921.1569 9.528644 0.19 4.1 031 46

119.19574.1169 9.359298 010 1.0 026 3.5

119.19835.439 5.275013 017 28 034 44 013 2.0

119.20351.905 6.200649 016 23 032 4.2

119.20738.147 10.304626 0.07 2.7 0.12 3.9



TABLE 3A— Continued

MACHO Star # v A ¢ An pa Am dar A pu Asi ds1 Aer der An dn
119.20738.827 10.388032 0.18 1.3 035 3.9 0.15 2.0
119.20742.2231 9.906815 017 6.1 040 4.0

120.21131.780 11.5639582 0.14 09 0.28 5.1

120.21396.683 8.845706 0.15 43 030 4.7

120.21785.976 9.243728 0.16 05 025 4.0 0.09 1.1

121.21388.153 10.070951 0.12 2.1 0.26 3.7

121.21904.664 10.453621 0.17 0.4 0.32 4.0 0.12 1.3
121.22291.582 10.361032 0.19 1.2 038 4.0 0.15 1.6

121.22427.551 10.312683 0.20 3.0 0.20 4.0

124.21891.372 10.525859 0.10 3.8 0.14 4.1

124.21893.553 9.144923 021 6.2 038 39 0.18 1.7
124.21894.405 11.248193 0.10 2.9 0.13 4.0

124.22412.549 11.784227 0.15 0.9 0.28 4.2 017 1.9
125.23847.221 10.766746 (0.19 2.6 0.29 4.2

128.21153.1181 8.849363 021 6.3 042 39 0.18 14 011 6.0
128.21405.697 7.896792 0.11 52 020 39

128.21542.753 10.806030 0.08 2.5 0.26 4.7

128.21665.609 9.226202 0.09 51 017 39

159.25613.963 13.136924 0.18 4.8 0.46 4.2 0.21 1.1

159.25745.544 9.229714 008 0.8 018 3.7

161.25086.954 9.085517 0.20 2.7 042 45 0.16 3.0 014 1.8
162.25086.6466 9.085511 021 49 040 44 0.18 2.2

162.25343.874 8.986217 0.11 1.1 022 44

162.25348.3066 11.706059 0.19 2.5 040 4.0 017 1.6 0.08 6.2
162.25475.771 11.272678 0.14 2.4 025 4.3

162.25478.743 9.924855 020 4.0 043 41 020 1.8

162.25996.475 10.801278 0.14 6.2 019 4.2




TABLE 3B

R-BAND FOURIER AMPLITUDE RATIOS AND PHASE DIFFERENCES FOR THE 79
OBJECTS IN OUR SAMPLE OF MACHO DELTA SCUTI STARS HAVING A FIRST
FOURIER HARMONIC (Aj3). Ap1 IS THE RATIO OF n-TH TO FUNDAMENTAL

FOURIER HARMONIC AMPLITUDES. ¢rn1 IS THE NORMALIZED PHASE DIFFERENCE

¢n — ngl IN RADIANS.

MACHO Star # v A1 1 An 9 Am dm An da Ast P Aer de1  An dm
101.20648.1571 9.766988 0.09 1.7 030 3.1

101.21305.255 8.918816 014 30 043 44 0.13 2.1 0.09 6.0
101.21436.366 6.083023 0.07 48 0.14 3.6

101.21437.1516 9.585009 0.20 54 043 3.9 0.22 1.6

101.21821.2017 14.028103 0.21 5.5 040 4.2

102.22591.871 8.863148 0.14 6.0 037 5.0

102.22721.762 10.103451 0.10 0.9 034 4.1

102.23504.1024 10.757620 0.14 39 043 5.1

103.24024.815 11.987896 0.10 5.4 0.38 4.1 0.17 1.6

103.24034.3894 10.686740 0.05 1.5 0.13 4.3

103.24284.695 10.896136 0.11 3.1 0.26 4.0

104.19990.4660 10.415403 0.15 2.0 0.24 4.1 0.09 1.5

104.20130.854 8.037423 0.14 48 037 4.1

105.21808.288 8.773583 0.15 0.2 040 4.0 017 1.7

105.21947.1957 8.929778 0.13 51 036 3.7

109.19721.2119 8.259985 0.13 1.8 0.39 4.0 0.24 1.7

109.19849.222 5.486534 0.18 4.1 0.47 4.2 0.25 24 0.09 6.1 0.04 4.5 0.07 1.3
109.19990.879 10.415396 0.15 4.6 0.27 4.1

109.20372.410 7.918786 0.13 1.3 0.27 4.5

109.20377.3241 8.930567 0.11 29 036 4.3

109.20508.1186 7.423864 0.14 43 0.45 4.1 024 21 0.12 6.1

109.20638.40 8.680859 0.07 50 015 4.3

109.20762.936 8.764776 009 20 031 34

109.20890.1400 10.199457 0.22 4.1 040 4.2 0.16 2.0 0.10 5.6
110.22836.520 10.194366 0.11 1.8 041 4.2 0.12 2.2

110.23356.737 9.200613 019 08 041 3.8 0.20 14 0.15 5.7 0.07 3.3
111.23882.712 8.920773 0.14 52 048 4.2 0.21 2.1

113.18159.547 5.140253 0.11 59 042 45 0.15 3.1

113.19324.1134 9.327369 015 2.7 040 4.0 0.21 1.8

113.19452.883 8.129420 0.10 1.8 030 3.7

114.19716.1463 8.923152 014 6.0 033 44 0.09 2.2

114.19840.890 7.963950 0.12 51 0.27 3.8

114.19849.2274 5.486536 017 0.2 050 4.1 023 21 0.08 0.3 0.07 34 0.12 1.0 0.07 0.1

114.19969.980 9.683205 0.13 22 0.23 44

114.20108.1218 10.8556722 0.14 3.2 034 4.1 012 19
114.20230.3899 9.633618 0.11 54 015 4.9

114.20368.797 8.552585 006 31 024 4.2

114.20620.159 7.815573 0.07 0.7 010 3.6

115.23092.1144 10.896281 0.14 50 045 4.0 019 19
115.23344.1034 11.420648 023 3.7 043 38 015 18 0.16 5.5
115.23474.197 10.065422 0.17 0.8 034 4.1 019 17 012 6.1 0.06 4.6
116.24123.2368 8.993959 0.12 0.7 046 4.1

116.24124.2364 10.3731056 0.20 3.2 030 4.5 0.16 2.3
116.24131.2209 11.768418 0.13 1.8 040 39

116.24384.481 11.505569 0.15 44 031 4.5 0.16 1.6
118.17885.605 6.415236 014 08 028 4.2

118.18270.1993 7.594984 025 44 040 4.2 0.19 24
118.18921.1569 9.528644 0.17 41 031 4.3

119.19574.1169 9.359298 0.08 1.0 023 33

119.19835.439 5.275013 013 28 031 44 012 21
119.20351.905 6.200649 013 24 031 44

119.20738.147 10.304626 0.06 2.8 0.13 4.0



TABLE 3B—Continued

MACHO Star # v Ai ¢ An P Azn P A dm Asmi ds1 At der A ém
119.20738.827 10.388032 0.14 1.3 036 4.1 015 23
119.20742.2231 9.906815 014 6.1 042 4.2

120.21131.780 11.5639582 0.10 1.0 0.30 5.1

120.21396.683 8.845706 0.13 4.3 0.27 5.0

120.21785.976 9.243728 0.12 05 026 4.2 06.10 1.1

121.21388.153 10.070951 0.10 2.1 026 3.7

121.21904.664 10.453621 0.13 0.5 030 4.0 013 1.6

121.22291.582 10.361032 0.15 1.2 042 4.1 0.15 1.8

121.22427.551 10.312683 (0.16 3.0 0.24 4.0

124.21891.372 10.525859 0.08 3.8 0.16 4.2

124.21893.553 9.144923 0.17 6.2 0.38 4.0 0.17 1.9

124.21894.405 11.248193 0.09 2.9 0.14 3.8

124.22412.549 11.784227 0.11 1.0 032 4.6 013 21

125.23847.221 10.766746 0.15 2.7 0.28 4.3

128.21153.1181 8.849363 017 01 042 41 0.19 1.6 0.07 6.2
128.21405.697 7.896792 0.08 52 021 4.0

128.21542.753 10.806030 0.06 2.6 025 4.8

128.21665.609 9.226202 007 51 016 44

159.25613.963 13.136924 0.14 48 041 44 0.18 1.6

159.25745.544 9.229714 006 08 017 3.9

161.25086.954 9.085517 0.16 2.7 044 45 0.17 2.8 009 1.8
162.25086.6466 9.085511 015 49 042 4.4 023 2.2
162.25343.874 8.986217 009 11 020 44

162.25348.3066 11.706059 0.14 2.5 0.37 4.1 0.17 1.8 0.08 0.3
162.256475.771 11.272678 0.11 24 024 4.4

162.25478.743 9.924855 0.16 4.0 0.46 4.3 0.23 21

162.25996.475 10.801278 0.11 6.2 0.15 4.0




TABLE 4aA

THE TEN CONFIRMED DOUBLE- AND MULTIPLE-MODE PULSATORS DETECTED IN
THE MACHO CATALOG. PHASES ARE IN RADIANS RELATIVE TO ty GIVEN IN
TABLE 1. NOTES CONTAIN EITHER THE FREQUENCY RATIO (NUMBER) OR
INDICATE THE TYPE OF PULSATION MODE: INTEGER MULTIPLE, SUM, OR
POSSIBLE NONRADIAL.

MACHO star frequency Ay dv Agr or Notes
(cycd)
104.20389.1202 6.34464 0.057 2.0 0.044 1.9
8.45177 0.038 3.9 0.026 3.9 0.75069
109.20634.24 5.61171 0.055 1.9 0.043 1.9
5.47079 0.019 2.8 0.014 2.9 nonradial?
6.92653 0.015 5.5 0.012 5.4 0.81018
6.85830 0.013 4.6 0.012 4.6 0.81824
109.20638.40 8.68086 0.092 5.0 0.073 5.0
17.36172 0.013 5.8 0.011 5.8 2f
11.55858 0.013 3.8 0.013 3.8 0.75103
114.19840.890 7.96395 0.143 5.1 0.117 5.1
10.33167 0.052 1.4 0.033 1.4 0.77083
15.92791 0.040 0.1 0.032 0.1 2f,
18.29552 0.029 1.7 0.023 1.8 fi + £
114.19969.980 9.68320 0.171 2.2 0.133 2.2
19.36638 0.039 0.1 0.030 0.1 2f;
12.52957 0.037 1.2 0.029 1.2 0.77283
114.20368.797 8.55258 0.073 3.1 0.056 3.1
10.82242 0.026 6.2 0.021 0.1 0.79027
17.10518 0.020 2.0 0.014 2.1 2f;
119.19574.1169 9.35930 0.099 1.0 0.080 1.0
12.08875 0.087 2.3 0.074 24 0.77422
18.71868 0.025 4.8 0.019 49 2f;
21.44804 0.024 5.3 0.027 ~ 5.2 fi + £
121.22427.551 10.31268 0.205 3.0 0.157 3.0
23.48304 0.052 3.5 0.034 3.6 f1 + fa
13.17041 0.042 5.7 0.030 5.5 0.78302
20.62532 0.041 2.0 0.038 2.0 2f;
128.21542.753 10.80603 0.077 2.5 0.064 2.6 0.77084
8.32973 0.051 2.7 0.044 2.9
21.61200 0.020 0.3 0.016 0.4 2f,
19.13576 0.020 1.3 0.018 1.3 fi +fo
162.25343.874 8.98622 0.108 1.1 0.086 1.1
11.64074 0.041 0.6 0.034 0.6 0.77196

17.97240 0.024 4.2 0.017 4.2 2f;




TABLE 4B

THE EIGHT CANDIDATE DOUBLE- AND MULTIPLE-MODE PULSATORS DETECTED IN
THE MACHO CATALOG. PHASES ARE IN RADIANS RELATIVE TO %y GIVEN IN
TABLE 1. NOTES CONTAIN EITHER THE FREQUENCY RATIO (NUMBER) OR
INDICATE THE TYPE OF PULSATION MODE: INTEGER MULTIPLE, SUM, OR
POSSIBLE NONRADIAL.

MACHO star frequency Ay ov Ag or Notes
(cycd)
109.20378.2701 9.63835 0.048 3.6 0.038 3.7 nonradial?
9.65558 0.030 34 0.023 3.4 “
10.13476 0.011 2.8 0.009 2.5 “
114.20108.1218 10.85572 0.179 3.2 0.143 3.2
21.71143 0.062 2.3 0.049 2.3 2f;
32.56717 0.024 14 0.018 14 3f
13.79556 0.013 5.2 0.016 5.4 0.78690
115.22573.263 10.89872 0.185 5.7 0.157 5.7
14.11001 0.047 0.8 0.047 0.8 0.77241
116.24384.481 11.50557 0.182 44 0.145 4.4
23.01107 0.054 4.2 0.044 4.2 2f;
14.88981 0.029 4.1 0.023 4.1 0.77271
34.51673 0.025 5.4 0.023 5.3 3f;
119.19835.439 5.27501 0.167 2.8 0.130 2.8
10.55000 0.056 1.3 0.040 1.2 2f;
15.82508 0.022 0.3 0.015 0.1 3f;
8.67222 0.021 2.2 0.021 2.4 0.60827
8.61755 0.018 2.7 0.018 2.7 0.61212
120.21785.976 9.24373 0.158 0.5 0.121 0.5
18.48747 0.039 3.3 0.031 3.2 2f1
27.73122 0.014 0.4 0.012 0.6 3f;
12.98294 0.015 1.5 0.013 1.7 0.71199
162.25475.771 11.27268 0.142 2.4 0.111 24
14.48269 0.040 0.6 0.031 0.4 0.77836
22.54535 0.035 0.5 0.027 0.4 2f;
14.40240 0.028 1.9 0.022 1.7 0.78269
25.75540 0.019 5.2 0.017 5.7 f1 + fae
162.25996.475 10.80128 0.136 6.2 0.114 6.2
21.60252 0.026 2.0 0.017 2.1 2f;

10.80047 0.029 0.7 0.028 0.7 nonradial?




